To study the regulation of hepatic apo A-I gene expression, we measured synthesis and abundance of cellular apo A-I mRNA and its nuclear precursors in livers of hypothyroid and hyperthyroid rats. In hypothyroid animals, both synthesis and abundance of apo A-I mRNA was reduced to half of control values.
Introduction
The liver produces the majority ofplasma lipoproteins (1) , and hepatic lipoprotein biosynthesis is a principal determinant of plasma lipoprotein levels. Various dietary and hormonal perturbations have been exploited to gain insight into the regulatory mechanisms of hepatic apolipoprotein synthesis, transport, lipid association, and secretion of lipoproteins. Hormonal stimuli affecting hepatic apolipoprotein production include insulin (2-4), corticosteroids (5) , sex steroids (6) (7) (8) , and thyroid hormones (9) (10) (11) . Thyroid hormones increase fatty acid synthesis, but also fatty acid oxidation and ketogenesis in rat liver (12). Hepatic apolipoprotein production is altered as well by thyroid hormones. Apo E production is reduced without changes in apo E mRNA abundance (1 1). The synthesis of apo B-48 in rat liver increases at the expense of apo B-100 due to an enhanced posttranscriptional introducPart of this research was published in abstract form (1989. Clin. Res. 37:300A. [Abstr.]).
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tion of a stop codon into apo B-100 mRNA (13) . The net production of both apo A-I and apo A-IV in rat liver is increased (10) and can be accounted for by increases in apo A-I and apo A-IV mRNA abundance (9, 11) . Thus, thyroid hormones affect the biosynthesis of individual apoproteins at distinct levels of gene expression. Studies in hyperthyroid rats further showed that apo A-I production was independent of VLDL production since the decreased output of VLDL in the hyperthyroid state was reversed by increasing the hepatic concentration of glycero-3-phosphate without altering the stimulated production of apo A-I (14) . The molecular events whereby thyroid hormones increase mRNA levels of hormone responsive genes are complex and may comprise a number of mechanisms. Increased transcription plays an important role in the induction of several genes by thyroid hormones, including those coding for growth hormone (reviewed in reference 15), a-myosin heavy chain (16) , and ornithine transcarbamylase (17) . Stabilization of nuclear mRNA precursors is probably the predominant mechanism of the induction of S14 mRNA in rat liver by thyroid hormones (18) . The S 14 gene is expressed at high levels in brown adipose tissue and may code for a lipogenic enzyme (19) . Decreased catabolism of the mature mRNA has been implicated in the rise of malic enzyme (20) and 3-hydroxy-3-methylglutarylcoenzyme A reductase (21) mRNA levels in response to thyroid hormones.
To understand the stimulatory effect of thyroid hormones on hepatic apo A-I biosynthesis, we studied the effect of these hormones on apo A-I gene transcription rates, and nuclear and total cellular apo A-I mRNA abundance in rat liver. We report that thyroid hormones rapidly increase apo A-I gene transcription. The major effect of thyroid hormones on apo A-I gene expression, however, is posttranscriptional, and can be explained by stabilization of nuclear apo A-I RNA. Prolonged thyroid hormone administration actually decreases apo A-I gene transcription, while nuclear apo A-I RNA and total cellular apo A-I mRNA remain elevated. These findings are consistent with a feedback inhibition ofapo A-I gene transcription by the abundance of nuclear apo A-I RNA (22 (23, 24) . Plasma apo A-I (25), T3, and T4 (QuantimuneO T3 and T4 RIA; Bio-Rad Laboratories) were measured by RIA.
The recombinant plasmids used in this study included a recombinant plasmid pGEM-3 containing a full-length apo A-I cDNA insert, kindly provided by L. Chan, a recombinant plasmid pBR322 containing the entire coding sequence of rat apo E (26, 27) , and the plasmid clone pRSA57 containing 750 bp of the rat albumin gene (28) (29) .
Total RNA was extracted from 1 g of liver tissue by the guanidine hydrochloride method (30). The abundance of apo A-I, apo E, and albumin mRNA was determined by quantitative slot blotting (30).
Increasing amounts (0.5, 1, and 2 gg) of RNA were applied to nitrocellulose filters and hybridized to the 32P-labeled cDNA probes. Radioactivity was quantified by liquid scintillation counting. Relative abundance of apo A-I, apo E, and albumin mRNA was calculated from the slopes of the hybridization signals. Northern transfer of RNA was performed as outlined by Thomas (31) . Total liver RNA was denatured with I M glyoxal, 50% DMSO and separated by electrophoresis in 1.2% agarose. The RNA was transferred to Zeta Probe" nylon membranes by diffusion blotting and hybridized to 32P-labeled cDNA.
The relative abundance of mRNA was determined from t1 intensities of the bands, which were quantified by soft laser densitometry. Probe stripping and rehybridization were carried out according to the manufacturers recommendation.
Isolated liver cell nuclei were prepared by the method of Northemann et al. (32) as previously described (27) . 6 (27) . Transcription from the albumin and apolipoprotein genes was completely abolished by 2.5 Mg/ml amanitin (27) . The newly synthesized 32P-labeled transcripts of the apo E and albumin genes were quantitated by dot blot hybridization to an excess (6) (7) (8) Mg) of plasmid containing the apo E or albumin cDNA inserts as previously described (27) . To measure the transcriptional activity of the apo A-I gene, 6-8 Mg of plasmid containing a full-length apo A-I cDNA insert were immobilized on nitrocellulose membranes by dot blotting (36) . Nonrecombinant plasmid pGEM-3 was used to determine nonspecific hybridization. Alternatively, the apo A-I cDNA insert was cut from the pGEM-3 vector with Pst I and purified by agarose gel electrophoresis, and 3 Mg of the cDNA was used for dot blotting. Hybridization was carried out using 3-8 X (36) . Mean corrected mRNA synthesis rates for control animals were 3,800 ppm for albumin, 250 ppm for apo E, and 181 ppm for apo A-I. These results are consistent with earlier measurements on albumin and apo E gene transcription (27, 36) .
Nuclear RNA was extracted by the method of Lamers et al. (39) .
Rat liver cell nuclei were isolated as described above. To inhibit ribonuclease and proteinase activity, 0.1 mM EGTA, 0.1 mM spermidine, 5 mM dithiothreitol, and 0.1 mM PMSF were included in all solutions used for homogenization and ultracentrifugation. 5 mM dithiothreitol and 0.1 mM PMSF were added to the storage buffer. Nuclei (I0 nuclei in 0.5 ml of storage buffer) were disrupted by adding 6. The relative abundance of apo A-I mRNA in the livers of rats injected with T4 was increased to 256±33% of controls (mean±SEM, P < 0.05) without changes in apo E or albumin mRNA levels (Table I) . In hypothyroid rats, hepatic apo A-I mRNA levels fell and apo A-I mRNA synthesis was proportionally decreased. In contrast, the expected increase ofhepatic apo A-I mRNA synthesis was not observed in rats made hyperthyroid; rather, apo A-I gene transcription amounted to only 83% of control values. In a second transcription assay using other aliquots of isolated nuclei from the same set of animals, the decrease of apo A-I gene transcription in hyperthyroid and hypothyroid rats was confirmed (data not shown). A similar pattern of transcription rates was observed in a third transcription assay performed with nuclei from these animals using the apo A-I cDNA insert only for hybridization. Thus, these initial experiments indicated a posttranscriptional stimulation of apo A-I gene expression as a result of prolonged thyroid hormone administration.
To study the time course and the relationship of apo A-I gene expression with the hormone dose administered, a second group of rats was injected daily with a nonreceptor saturating dose (7 ,ug/l00 g body weight s.c.) or a nearly receptor-saturating dose (35 sg/100 g body weight s.c.) of T3 for 3 or 7 d. The low dose regimen had only minor effects on plasma T3, while the high dose regimen resulted in T3 levels above the concentration required to saturate -80% ofhepatic T3 receptors (40) (Table II) . A dose-related increase of plasma apo A-I was present at days 3 and 7. The effect of T3 on apo A-I mRNA levels was also fully established after 3 d of hormone injection. At both 3 and 7 d of treatment, the magnitude of the increase in apo A-I mRNA was correlated with the daily dose administered and the plasma levels of T3 attained (Tables II and III, and Fig. 1 ). Hepatic apo E and albumin mRNA abundance was not altered by T3 administration. Northern blots of total liver RNA confirmed the data from slot blots, in that only apo A-I mRNA abundance increased as a result of T3 injections. No changes were noted in control injected animals, and none of the regimens altered the size of the mRNAs studied. As in the first set of animals, apo A-I gene transcription rates were decreased in livers from rats injected with T3 (Table III, Fig. 1 ).
The decrease in apo A-I transcription was inversely correlated with the increase of plasma T3 levels and total apo A-I mRNA abundance. No consistent effects ofthyroid hormone on apo E and albumin gene transcription were noted. Thus, these data showed a specific induction of apo A-I gene expression by T3, which was dose dependent and appeared to be governed by posttranscriptional events. To study the site of posttranscriptional upregulation, we measured the abundance of nuclear apo A-I, apo E, and albumin RNA in controls and animals receiving 35 ,ug T3/100 g body weight for 7 d. In hyperthyroid animals, the abundance of nuclear apo A-I RNA was increased to 274% of control values without changes in nuclear apo E or albumin RNA levels. These preliminary data suggested that the enhanced apo A-I gene expression resulted from stabiliza- A-I and albumin cDNA inserts (rows I and 3) and dot blots of 32P-labeled nuclear RNA hybridized to excess apo A-I and albumin cDNA (rows 2 and 4). Rats (4-6/group) were injected with 7 or 35 ,g/ 100 g of T3 for 3 or 7 d. Total liver RNA was extracted by the guanidine-HCI method, and increasing doses of RNA (0.5, 1, and 2 ,ug) were applied to nitrocellulose. After hybridization to 32P-labeled apo A-I or albumin cDNA, filters were exposed to x-ray film for 24 and 6 h, respectively. Run-on transcription assays (rows 2 and 4) were performed using pooled liver cell nuclei from four to six animals per group. The newly synthetized [32PJRNA was extracted and hybridized in duplicate to plasmids containing apo A-I or albumin cDNA inserts immobilized to nitrocellulose filters. Filters were exposed to x-ray film for 24 or 12 h, respectively. Under the conditions used, nonspecific hybridization to nonrecombinant plasmids was not detectable on the films. tion of nuclear apo A-I RNA rather than alterations in the metabolism of cytoplasmic apo A-I mRNA (see also below).
To examine the short-term effect of thyroid hormone on hepatic apolipoprotein gene expression, we followed the time course of gene transcription rates and nuclear and cellular mRNA abundance after a single intrapentoneal injection of T3. The T3 dose of 3 mg/100 g body weight was chosen to saturate the nuclear T3 receptor throughout the course of the study (40) . Apo A-I mRNA synthesis increased to 139±5% (mean±SEM) of controls at 20 min after T3 injection, the earliest timepoint studied, rose to 179±4% ofcontrols at 3.5 h, and remained significantly elevated for 48 h (Fig. 2) . Transcription of the apo E gene was transiently increased to 153±73% (mean±SEM) of control (P < 0.05) at 20 min only, but then returned to baseline levels. Albumin gene transcription declined sharply after 1 h, remained significantly reduced up to 6 h (P < 0.05), but returned to baseline levels by 24 h after the injection. Mean (SEM) values of total transcription were 84 (14) , 77 (14) , 74 (17) , 95 (6), 71 (7), 96 (20) , and 81 (12)% of control at 20 min, 1, 2, 3.5, 6, 24, and 48 h, respectively, and did not differ significantly from control (analysis of variance, Kruskall-Wallis test). On Northern blots of nuclear RNA (Fig. 3) , at least three RNA species hybridized with the apo A-I cDNA probe. The rapid stimulation of apo A-I gene transcription was followed by an accumulation of the putative nuclear apo A-I mRNA precursors beginning 1 h after injection. However, the levels of nuclear apo A-I mRNA precursors continued to increase to 292% of control values at 24 h, even after apo A-I gene transcription had reached a plateau. No changes in the proportions of nuclear apo A-I RNA species were noted. Several putative nuclear apo E mRNA precursor bands were visualized on Northern blots. The levels of these nuclear apo E RNA increased twofold by 2 h after T3 administration, but decreased thereafter to baseline values. The de- creased rate ofalbumin mRNA synthesis was associated with a transient fall in nuclear albumin RNA. The higher molecular weight bands of nuclear albumin RNA decreased to a greater extent than the smaller ones at the 2-h time point. The relationship of synthesis and abundance of nuclear and total cellular apo A-I, apo E, and albumin mRNA is illustrated in Fig.  4 . Total cellular apo A-I mRNA, as determined by quantitative slot blotting, was increased 2 h after the injection and continued to rise to 298% ofcontrol levels at 24 h. Cellular apo E mRNA abundance remained unaltered during the period studied, while abundance of cellular albumin mRNA decreased slightly at 24 h. The decrease of albumin mRNA synthesis could have resulted from an inflammatory response (34) , perhaps induced by the intraperitoneal injection of alkaline saline. To rule out this confounding variable, a fourth group of rats was injected with 100 gl/I00 g body weight of 0.9% NaCl i.p., pH 11, or with 100 ,1 of 0.9% NaCl, pH 11, containing 50 jig T3/100 g body weight. Animals were killed 6 h later. Nuclear apo A-I, apo E, and albumin RNA content were measured by Northern blotting. No effect of the saline injection on the abundance of these nuclear RNA species was observed. In T3-injected animals, nuclear apo A-I RNA content increased to 193% of control, while nuclear albumin RNA decreased to 45% of control. The abundance of nuclear apo E RNA did not differ among control, control-injected, and T3-injected animals. Since abundance of nuclear albumin and apo A-I RNA reflects mRNA synthesis at this time point (Fig. 4) , these data clearly show that thyroid hormone rather than inflammation was responsible for the acute changes in apo A-I and albumin mRNA synthesis shown in Figs. 2 and 4 . Our short-term time-course experiment then indicated that enhanced apo A-I mRNA synthesis accounted only for a fraction of the increase in nuclear and total cellular apo A-I mRNA content at the 24-h time point (Fig. 4) . This relationship between mRNA synthesis and nuclear RNA abundance implicates again a major role of stabilization of nuclear apo A-I RNA in the regulation of apo A-I gene expression in rat liver.
To confirm the contrasting effects of long-and short-term T3 administration on apo A-I transcription rates in one group of animals and to determine whether very high doses of T3 when administered repeatedly also reduce apo A-I transcription rates, a fifth group of rats was studied (Table IV) . As observed in previous experiments, transcription was increased 6 h after a single dose of 50 or 500 ,ug T3/100 g, but was decreased after chronic administration. Nuclear and total cellular apo A-I mRNA concentration tended to be higher 6 h after the injection and was substantially increased after 7 d of hormone administration.
Discussion
The principal conclusion of our studies is that the stimulation of apo A-I gene expression by thyroid hormones in rat liver is complex. Depending on the duration of the thyroid status, rates of apo A-I gene transcription and/or stabilization of nuclear apo A-I mRNA precursors play a major role in altering hepatic apo A-I mRNA. Chronic hypothyroidism induced by propylthiouracil reduced apo A-I mRNA levels to approximately halfofeuthyroid control values without changes in apo E or albumin mRNA abundance (Table I) as reported previously (9, 1 1). The decrease of total cellular apo A-I mRNA was accompanied by a fall in the apo A-I gene transcription rate of similar magnitude. The reduced rates of apo A-I mRNA synthesis can therefore explain the diminished apo A-I mRNA abundance and the decreased apo A-I production in hypothyroid rats (10) as suggested in a previous studies (41) . Thus, thyroid hormones may be required to maintain the normal basal rate of apo A-I biosynthesis in rat liver.
Injection of T3 into euthyroid animals rapidly increased apo A-I transcription. The increased apo A-I mRNA synthesis rate was detected 20 min after hormone injection, which was the earliest time point studied. This suggests a direct interaction of the T3 receptor complex with the apo A-I gene. 6 h after the injection, maximal increases in apo A-I gene transcription were observed with a dose of 50 ,ug T3/100 g body weight, and no further increase was noted with 500 or 3,000 ,ug/100 g (Fig.  2, Table IV) . However, the stimulation oftranscription by very high doses ofT3 may extend over longer periods oftime, as apo A-I mRNA synthesis was still elevated at 48 T3/100 g (Fig. 2) , while daily injections of 35 gg/ 100 g for 3 d
resulted in decreased transcription rates (Table III) . Nevertheless, daily injections ofvery high doses ofT3 led to reduced apo A-I transcription rates as well (Table IV) . Our studies showed a maximal increase of apo A-I transcription of 70% at 6 h after hormone injection. Because apo A-I transcription was reduced by half in hypothyroid rats, the magnitude of the increase of apo A-I mRNA synthesis may be three-to fourfold when the hormone status of animals is acutely changed from hypo-to hyperthyroid. Thyroid hormones are known to increase transcription ofa (51, 52) . Our short-term time-course experiment demonstrates, however, that the increase of apo A-I gene transcription was not sufficient to explain the increase of nuclear and total cellular apo A-I mRNA at 24 h after hormone administration. The increase in nuclear apo A-I RNA preceded that of total cellular apo A-I mRNA. A similar rapid rise of nuclear RNA that cannot be explained solely by enhanced transcription occurs in the activation of S14 gene expression by thyroid hormones (17, 53) . Thus, stabilization of nuclear mRNA precursors as suggested by Narayan and Towle for the S14 gene (18) may also be implicated in the stimulation of apo A-I gene expression by T3. Intranuclear stabilization of primary transcripts has been established as a regulatory mechanism ofgene expression. Leys et al. took advantage of the 500-fold amplification of the dihydrofolate reductase gene in methotrexate-resistant mouse cells and showed in continuous labeling experiments that the fraction of dihydrofolate reductase transcripts that are converted to mature mRNA depends on the growth status of cells (54). The mechanism for such stabilization is not known, but may involve protection from or decreased activity of ribonucleases. Thyroid hormones have been shown to increase posttranscriptional editing of apo B mRNA, leading to an increased production of apo B-48 at the expense of apo B-100 (13) . Sequence modifications at the posttranscriptional level could thus be involved in conferring increased stability to transcripts of the apo A-I gene.
As described previously by Apostolopoulos et al. (9) and Davidson et al. (1 1) , chronic hyperthyroidism induced by repeated administration of T4 or T3 increaspd the abundance of hepatic apo A-I mRNA without changes in apo E and albumin mRNA levels (Tables I and III ; Fig. 1 ). We now show that the transcription rate of the apo A-I gene decreased in hyperthyroid animals when compared with euthyroid rats. This was a consistent finding in five transcription assays performed on nuclei of three independent sets of animals (Tables I, III, and IV; and Fig. 1 ). Posttranscriptional events are therefore solely responsible for the enhanced apo A-I gene expression in livers of chronic hyperthyroid rats. Since nuclear apo A-I RNA remained elevated, stabilization of nuclear apo A-I RNA is the most likely mechanism. Considering a 3.5-fold elevation of apo A-I mRNA levels and a 50% reduction ofthe transcription rate (Tables I, III , and IV), the posttranscriptional events may lead to a sevenfold increase of cellular apo A-I mRNA and may thus exceed the magnitude of thyroid hormone-dependent transcriptional regulation. Our data furthermore imply that in the euthyroid state the majority of nuclear apo A-I RNA is not processed to mature mRNA, but is degraded in the nucleus.
The reduced rate of apo A-I gene transcription associated with increased levels of nuclear apo A-I RNA in chronic hyperthyroidism is a potentially important observation. The inverse relationship between transcription rate and mRNA abundance was substantiated in experiments where differential increases of apo A-I mRNA levels were attained (Tables III  and IV) . Although decreased synthesis and increased abundance of apo A-I mRNA was a consistent finding in all sets of animals with chronic hyperthyroidism, variability existed regarding the magnitude of this inverse relationship. When compared with rats receiving 35 ,g T3/100 g body weight s.c. for 7 d (Table III) , the abundance of nuclear and cellular apo A-I mRNA was -35% higher in animals receiving 500 Ag T3/100 g body weight i.p. daily for 7 d; yet, mRNA synthesis was reduced by a lesser extent. This may be related to the experimental error inherent in the procedures used and/or to variability between groups of animals. However, the relationship of apo A-I mRNA synthesis and abundance in hyperthyroidism is probably complex, and the interplay of stimulatory and inhibitory factors may depend on the dose of T3 and the duration of the hyperthyroid state. An inverse relationship between synthesis and abundance of apo A-I mRNA is consistent with the notion that apo A-I gene transcription may be subject to feedback regulation. Degradation of nuclear apo A-I RNA could have a positive effect on apo A-I gene transcription. Apo A-I RNA fragments may perhaps compete with a cis element for a transcription factor that represses transcription from the apo A-I gene. Since the majority of nuclear apo A-I RNA is degraded in the euthyroid state, only minor increases in the concentration of apo A-I RNA degradation products would be expected in the hypothyroid state. The relationship between apo A-I mRNA synthesis and mRNA concentration should therefore be similar in euthyroid and hypothyroid rats, which was observed by us (Table I ) and others (41) . This hypothesis on autoregulation of apo A-I transcription deserves experimental testing, since useful information about the regulation of eukaryotic gene expression may be obtained.
